Gastric cancer is the second most common human malignant disease and the third most frequent cause of cancer-related death in developing countries (Jemal *et al*, 2011). Although the outcomes of gastric cancer patients have been notably improved by standardised surgical treatment and better perioperative care (Ding *et al*, 2012), the diagnosis of gastric cancer at early stages remains a challenge in clinical settings.

MicroRNAs (miRNAs), an abundant class of 19--25-nt non-coding RNAs with important regulatory functions in diverse biological processes, have been demonstrated to be ideal biomarkers and therapeutic intervention targets (Ciesla *et al*, 2011). MiRNAs are involved in carcinogenesis and cancer progression as oncogenes or tumour suppressors (Calin and Croce, 2006). A number of studies have investigated the diagnostic and prognostic values of miRNAs in gastric cancer (Li *et al*, 2010; Ueda *et al*, 2010). Aberrant miRNAs have been tested in clinical settings as diagnostic biomarkers in biopsy specimens and bodily fluids (Liu *et al*, 2011; Tsujiura *et al*, 2010). Most of the previous studies have focused on the differentially expressed miRNAs in cancer tissues and cells. However, the miRNAs in tumour stromal cells are still unclear.

The notion that the biology of cancer can no longer be understood simply by enumerating the traits of the cancer cells but, instead, must encompass the contributions of the 'tumour microenvironment\' to carcinogenesis has been solidified and extended (Hanahan and Weinberg, 2011). The position of cancer-associated stromal cells, which are important components of the tumour microenvironment, in directing tumour progression has been established (Hanahan and Coussens, 2012; Horimoto *et al*, 2012; [@bib11]). Accumulating evidence has demonstrated that interactions between bone marrow-derived mesenchymal stem cells (BM-MSCs) and cancer cells endow the latter with proliferative, invasive and metastatic properties ([@bib18]; [@bib29]; [@bib2]; [@bib38]).

Recently, exosomes have been intensively studied in carcinomas. Exosomes are small RNA- and protein-containing extracellular vesicles that are thought to mediate cross-talk between stromal cells and cancer cells (Azmi *et al*, 2013). Tumour-derived exosomes are believed to promote reprogramming of the tumour-associated stroma to favour tumour growth and metastasis ([@bib33]; [@bib6], [@bib7]; [@bib12]). Recently, several studies have revealed that exosomal miRNAs that are secreted by stromal cells affect the biological behaviour of cancer cells ([@bib17]; Roccaro *et al*, 2013). However, little is known about the existence and possible role of such miRNAs in gastric cancer.

In our previous studies, we successfully isolated mesenchymal stem cells from the gastric cancer tissues (GC-MSCs) and their adjacent non-cancerous tissues (GCN-MSCs) ([@bib4]; [@bib35]). We demonstrated that GC-MSCs and GCN-MSCs share most of the properties of BM-MSCs but have some differences in surface marker expression, proliferation, migration and gene profiles ([@bib35]). To better understand the role of MSCs in gastric cancer, in this study, we screened for differentially expressed miRNAs in GC-MSCs relative to GCN-MSCs, determined the role of these miRNAs in gastric cancer and evaluated their potential as biomarkers. We identified miR-214, miR-221 and miR-222 as commonly upregulated miRNAs in GC-MSCs and gastric cancer tissues and further revealed that these miRNAs were critical for the promotion of gastric cancer growth *in vitro* and *in vivo* by MSCs.

Materials and Methods
=====================

Clinical samples
----------------

All of the studies were approved by the Ethics Committee of Jiangsu University (2012258), and informed consent was obtained from all subjects. Sixty-five gastric cancer tissues and adjacent non-cancerous gastric tissues were obtained from patients undergoing surgical resection. The patients had not undergone any previous treatment before the operation. The clinical specimens were collected between July 2009 and June 2012 at the Department of Surgery at the Affiliated People\'s Hospital of Jiangsu University, China, and the gastric cancer tissues and adjacent non-cancerous tissues were histologically confirmed. For cell isolation, gastric cancer tissues and the corresponding grossly non-cancerous gastric tissues (at least 5 cm away from the cancer tissues) were harvested within 30 min after resection and maintained in Dulbecco\'s modified Eagle medium (DMEM, Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS, Invitrogen) and penicillin-streptomycin on ice for immediate transportation to the laboratory. The remaining tissue samples were immediately stored at −80 °C until use.

Cell culture
------------

The procedure for GC-MSC, GCN-MSC and BM-MSC isolation has been described previously ([@bib4]; [@bib35]). For GC-MSC and GCN-MSC isolation, fresh tissues were washed with phosphate-buffered saline (PBS), cut into 1-mm^3^-sized pieces and floated in DMEM with low glucose (LG-DMEM) (Invitrogen) containing 10% FBS, penicillin and streptomycin. The tissue pieces were subsequently incubated at 37 °C in humid air with 5% CO~2~, and the medium was replaced every 3 days after the initial plating. When adherent fibroblast-like cells appeared after 10 days of culture, the cells were trypsinised and passaged into a new flask for further expansion. Human gastric cancer HGC-27 cells were obtained from the China Academia Sinica Cell Repository, Shanghai, China, and were maintained in DMEM with high glucose (HG-DMEM) (Invitrogen) containing 10% FBS and incubated at 37 °C in humid air with 5% CO~2~.

MiRNA microarray analysis
-------------------------

The microarray analysis for miRNA profiling was conducted by the Shanghai Kangcheng Technology using the miRCURY LNA Array system (Exiqon, Vedbaek, Denmark). Total RNA was extracted and purified using the mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA) following the manufacturer\'s instructions. Each array was hybridised with 100 ng of Cy3-labelled RNA using the miRNA Complete Labeling and Hyb Kit (Exiqon) in a hybridisation oven that was set at 55 °C and 20  r.p.m. for 20 h according to the manufacturer\'s instructions. After hybridisation, each array was washed in staining dishes with the Gene Expression Wash Buffer and scanned, and the raw data were normalised using the quantile algorithm. The threshold value for significance that was used to define upregulation or downregulation of miRNAs was a fold change \>2 or \<0.5, respectively.

RNA isolation and quantitative RT--PCR assay
--------------------------------------------

Total RNA from the tissues and cells was isolated using TRIzol Reagent (Invitrogen). Exosomal and serum miRNAs were extracted from 400 *μ*l of serum by using the miRNeasy Mini Kit (Qiagen, Hilden, Germany) and reversely transcribed using the miScript II RT Kit (Qiagen). Quantitative RT--PCR (qRT--PCR) assays were performed using the miScript SYBR Green PCR Kit (Qiagen) and the Bio-Rad fluorescence thermal cycler (Bio-Rad Laboratories, lnc., Hercules, CA, USA) for quantitative miRNA detection. The relative expression levels of the miRNAs in tissue and cells were normalised to U6 and those in the serum and exosomes were normalised to the insert control according to the manufacturer\'s protocol.

Colony formation assay
----------------------

Soft agar colony formation: MSCs were seeded at a density of 5 × 10^3^ in six-well plates (Corning Incorporated, Corning, NY, USA) and incubated for 12 h. Then, base agar layers were prepared by placing 1.5 ml of a 2 × LG-DMEM 20% FBS and 1.2% sterile agar (1 : 1) mixture into the six-well dishes and the agar was allowed to form for 1 h at room temperature. HGC-27 cells were then trypsinised and resuspended at a concentration of 4000 cells per 1 ml 2 × HG-DMEM with 20% FBS and mixed with 0.6% sterile agar (1 : 1). Two millilitres of the cell suspension was added to the agar plates and then incubated for 15 days. The colonies in the top agar layer were counted using a dissecting microscope (magnification, × 40). Experiments were performed in triplicate, and 10 fields were counted for each experiment. Plate colony formation: HGC-27 cells were treated with exosomes for 48 h, trypsinised, resuspended at a concentration of 1000 cells per 2 ml HG-DMEM with 10% FBS and then incubated for 10 days. Colonies were fixed with methanol, stained with crystal violet and counted.

Transwell migration assay
-------------------------

To assay the effect of GC-MSCs on HGC-27 migration, 2 × 10^4^ of MSCs were plated in the lower chamber and 1 × 10^5^ of HGC-27 cells were plated in the top chamber of transwell plates (8-*μ*m pore size, Corning). To assay the effect of GC-MSC-derived exosomes on HGC-27 migration, HG-DMEM with 10% FBS was plated in the lower chamber and 2 × 10^5^ exosome-treated HGC-27 cells were plated in the top chamber of transwell plates. The top-chamber cells were incubated for 10 h, and cells that did not migrate through the pores were removed with a cotton swab. Cells on the lower surface of the membrane were fixed with methanol and stained with crystal violet. The migration ability of the cells was determined by counting the cells using a microscope (magnification, × 100). Experiments were performed in triplicate, and at least six fields were counted for each assay.

Synthesis and transfection of the miRNA inhibitor
-------------------------------------------------

The miR-221 inhibitor (anti-miR-221) and negative control (NC) oligonucleotides were synthesised and purified by RiboBio (RiboBio Co., Ltd, Guangzhou, China). GC-MSCs or HGC-27 cells were seeded in six-well plates (Corning) at 40--60% confluence and cultured overnight. Transfection was performed using Lipofectamine 2000 (Invitrogen), and the concentration of anti-miR-221 and NC was 100 n[M]{.smallcaps}.

Animal studies
--------------

Four- to five-week-old BALB/c nude mice were purchased from the Slac Laboratory Animal Centre (Shanghai, China). The animals were maintained in accordance with institutional policies, and all studies were performed with approval of the University Committee on Use and Care of Animals of Jiangsu University. Of HGC-27 cells (1 × 10^6^) and MSCs (3 × 10^5^) were trypsinised, washed and resuspended in 100 *μ*l PBS. Then, the cells were mixed and co-injected into the left flanks of the nude mice. Tumour size was assessed every 3 days by caliper measurement, and tumour volume was calculated based on the modified ellipsoid formula (*L* × *W* × *W*/2), where *L* represents length and *W* represents width. Tumours were surgically removed 22 days after injection and serum was collected from the same mice 1 day before surgery.

Isolation and characterisation of exosomes
------------------------------------------

GC-MSCs and GCN-MSCs were cultured in a serum-free medium. Supernatant fractions that were collected from 48-h MSC cultures were filtered using 0.22-*μ*m pore filters, as previously described (Valadi *et al*, 2007), followed by ultracentrifugation at 20 000 **g** for 20 min and incubation with an ExoQuick exosome precipitation solution (SBI System Biosciences, Mountain View, CA, USA). Exosomes were then harvested by ultracentrifugation at 100 000 **g** for 30 min according to the manufacturer\'s specification. Final exosomes were obtained and stored at −70 °C, and the morphology of the collected exosomes was observed by transmission electron microscopy (FEI Tecnai 12, Philips, Eindhoven, The Netherlands). The CD63 (Bioworld Technology, Inc., Minneapolis, MN, USA), which is frequently located on the surface of exosomes, was analysed using western blotting.

Exosome labelling, internalisation and immunofluorescent staining
-----------------------------------------------------------------

MSC-derived exosomes were labelled with CM-Dil (red) according to the manufacturer\'s protocol (Invitrogen). The labelled exosome suspension was filtered using a 100-kDa MWCO hollow fibre membrane (Millipore Corporation, Billerica, MA, USA), and the flow-through was used as the unbound dye control. HGC-27 cells were seeded in 12-well plates containing lamellas and incubated at 37 °C with the labelled exosomes (100 *μ*g ml^−1^) for 4 h before harvesting. The HGC-27 cells were fixed in 4% paraformaldehyde for 10 min, and the labelled cells were prepared for fluorescence microscopy by permeabilisation for 3 min with 0.1% Triton X-100, blocking with 5% BSA and incubation with a rabbit monoclonal anti-*β*-actin antibody (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) overnight, which was followed by incubation with a Cy2-labelled anti-rabbit IgG (green) secondary antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) at 37 °C for 45 min. The nuclei were counterstained with DAPI (blue). Confocal images were sequentially acquired using the TCS SP5 II system (Leica, Wetzlar, Germany).

Statistical analysis
--------------------

Statistical analysis was performed using the PASW Statistics 18 software (SPSS Inc., Chicago, IL, USA). Data are presented as the mean or mean±s.d. Differences in the miRNA levels of the tissues were analysed using the Wilcoxon signed-rank test. Possible differences between different treatment groups were analysed using one-way ANOVA, paired *t*-test and *χ*^2^-test. A probability level of 0.05 was chosen for statistical significance.

Results
=======

MiRNA microarray screening for common deregulated miRNAs in GC-MSCs and gastric cancer tissues
----------------------------------------------------------------------------------------------

Paired GC-MSCs and GCN-MSCs were isolated from three gastric cancer patients. We used an Exiqon miRCURY LNA Array to evaluate the differentially expressed miRNAs in GC-MSCs relative to GCN-MSCs and in gastric cancer tissues (T) relative to non-cancerous gastric tissues (N). After quartile normalisation, we identified 114 upregulated (fold change \>2) and 85 downregulated (fold change \<0.5) miRNAs in GC-MSCs. The tissue miRNA profile showed 194 upregulated (fold change \>2) and 133 downregulated (fold change \<0.5) miRNAs in gastric cancer tissues. We compared the miRNA profiles between two groups and found 33 upregulated and 30 downregulated miRNAs in the GC-MSCs and gastric cancer tissue groups ([Figure 1A](#fig1){ref-type="fig"}; [Table 1](#tbl1){ref-type="table"}).

Validation of the overlapped miRNAs that were deregulated in GC-MSCs and gastric cancer tissues
-----------------------------------------------------------------------------------------------

To validate the miRNA microarray results, five of these overlapping upregulated miRNAs, including miR-125b, miR-199a-5p, miR-214, miR-221 and miR-222, in 10 pairs of GC-MSCs and GCN-MSCs and the matched gastric cancer tissues (T) and non-cancerous gastric tissues (N) were selected for qRT--PCR analysis. The results showed that the levels of miR-214, miR-221 and miR-222 were significantly higher in GC-MSCs and gastric cancer tissues than in paired GCN-MSCs and non-cancerous gastric tissues ([Figure 1B](#fig1){ref-type="fig"}). The other two miRNAs, miR-125b and miR-199a-5p, were expressed at higher levels only in gastric cancer tissues and not in their paired GC-MSCs ([Figure 1B](#fig1){ref-type="fig"}). Therefore, miR-214, miR-221 and miR-222 were designated as GG-miRNAs and further analysed in subsequent studies.

Clinical significance of GG-miRNAs in gastric cancer
----------------------------------------------------

To determine the clinical relevance of GG-miRNAs in gastric cancer, we measured the expression of miR-214, miR-221 and miR-222 in another cohort of 52 gastric cancer tissues (T) and matched non-cancerous gastric tissues (N) using qRT--PCR. The results showed that miR-214, miR-221 and miR-222 were upregulated in gastric cancer tissues compared with non-cancerous gastric tissues ([Figure 2](#fig2){ref-type="fig"}). These gastric cancer patients were categorised into groups of high and low levels of GG-miRNAs according to the median level of each GG-miRNA. The relationship between GG-miRNA levels and clinicopathological features were analysed ([Table 2](#tbl2){ref-type="table"}). The miR-221 and miR-222 high-expression group showed more extensive lymph node metastasis than the low-expression group. The miR-214 and miR-222 high-expression group had inclinations of more serosal invasion than the low-expression group. In addition, the levels of miR-214, miR-221 and miR-222 were positively correlated with the TNM stage. The results also showed that high levels of miR-214 were correlated with venous invasion. However, no correlations between the GG-miRNA level and other clinical features, such as age, sex or cancer type, were observed.

GC-MSCs promote cell proliferation, migration and GG-miRNA expression in gastric cancer cells *in vitro*
--------------------------------------------------------------------------------------------------------

GC-MSCs are a type of stromal cell for gastric cancer, but their role in gastric cancer progression is still unknown. We performed a soft agar colony formation assay to determine the effect of MSCs on the colony-forming ability of gastric cancer cells *in vitro*. GC-MSCs, GCN-MSCs and BM-MSCs were plated on the bottom of the wells as the feed cells. The results showed that HGC-27 cells grown on MSCs formed more colonies than the HGC-27-alone group ([Figure 3A](#fig3){ref-type="fig"}). Similar results were also observed for SGC-7901 gastric cancer cells (data not shown). We also performed a transwell migration assay to evaluate the effect of MSCs on the migratory ability of HGC-27 cells. As shown in [Figure 3B](#fig3){ref-type="fig"}, MSCs significantly induced HGC-27 cells to migrate, and the number of migrated HGC-27 cells in the GC-MSC group was ∼1.5-fold higher than that of the other groups.

To determine whether GG-miRNA levels in gastric cancer cells are affected by GC-MSCs, we cultured HGC-27 cells in a conditioned medium (CM) from GC-MSCs, GCN-MSCs and BM-MSCs for 3 weeks. The cells were harvested, and the levels of miR-214, miR-221 and miR-222 were measured using qRT--PCR. The data showed that HGC-27 cells grown in GC-MSC-CM expressed the highest levels of miR-221 and miR-222 among all the groups. The miR-214 level in the GC-MSC-CM group was similar to that of the BM-MSC-CM group but higher than that of the GCN-MSC-CM and HGC-27 groups ([Figure 3C](#fig3){ref-type="fig"}). These observations suggest that GC-MSCs promote the proliferation and migration of gastric cancer cells and induce the expression of GG-miRNAs in gastric cancer cells.

GC-MSCs promote gastric cancer cell growth and GG-miRNA expression *in vivo*
----------------------------------------------------------------------------

To further investigate the role of GC-MSCs in gastric cancer growth, we co-injected HGC-27 cells with GC-MSCs, GCN-MSCs or BM-MSCs into BALB/c nude mice to establish subcutaneous xenograft tumour models. HGC-27 cells alone were used as a control. The growth of xenograft tumours was monitored for 4 weeks, and then, the mice were euthanised and the tumours were removed and weighed. Compared with the control group, tumours in the co-injected groups had remarkably increased in volume ([Figure 4A and B](#fig4){ref-type="fig"}) and weight ([Figure 4C](#fig4){ref-type="fig"}).

We also determined the levels of GG-miRNAs in xenograft tumour tissues using qRT--PCR. The results showed that the miR-221 levels were significantly increased in tumours from the GC-MSC and BM-MSC groups. The miR-222 level was increased in tumours from the GC-MSCs group but not the other MSC groups. However, the miR-214 levels showed no change in any of the MSC groups ([Figure 4D](#fig4){ref-type="fig"}). Moreover, we collected serum from the tumour-bearing mice and determined the circulating levels of miR-214, miR-221 and miR-222. We found that the circulating level of miR-221 was increased in the tumour-bearing groups compared with that in the control group and was highest in the GC-MSC group. The circulating level of miR-214 was only increased in the GC-MSC group, and the circulating levels of miR-222 in the GC-MSC group were similar to those of the GCN-MSC and BM-MSC groups but were markedly higher than that of the HGC-27 group ([Figure 4E](#fig4){ref-type="fig"}).

GG-miRNA-221 mediates the effects of GC-MSCs on gastric cancer cells
--------------------------------------------------------------------

Given that GC-MSCs significantly promoted gastric cancer cell proliferation and migration and two GG-miRNAs (miR-221 and miR-222) were significantly highly expressed in GC-MSCs and gastric cancer cells treated with GC-MSC, we wanted to determine whether GG-miRNAs mediated the function of GC-MSCs. Therefore, we choose miR-221 as a representative of the GG-miRNAs. We introduced a sequence-specific miR-221 inhibitor (anti-miR-221) to repress miR-221 expression. The inhibition efficacy in GC-MSCs was as high as 95% ([Figure 5A](#fig5){ref-type="fig"}). We transfected GC-MSCs with anti-miR-221 or NC oligonucleotides and performed transwell migration and colony forming assays to determine the effects of GC-MSCs on HGC-27 cell migration and proliferation. We found that inhibition of miR-221 in GC-MSCs significantly suppressed the proliferative and migratory abilities of gastric cancer cells ([Figure 5B and C](#fig5){ref-type="fig"}). To demonstrate that GC-MSCs regulated miR-221 expression in HGC-27 cells, we transfected HGC-27 cells with anti-miR-221, and cultured the cells in differernt MSC-CM. As shown in [Figure 5D and E](#fig5){ref-type="fig"}, miR-221 suppression in HGC-27 cells by anti-miR-221 could be reversed by GC-MSC-CM. These data indicate that GC-MSCs promote gastric cancer progression dependent on GG-miRNAs levels and by relying on the regulation of GG-miRNA expression in gastric cancer cells.

GC-MSC-derived exosomes promote gastric cancer cell proliferation and migration
-------------------------------------------------------------------------------

GC-MSC-CM upregulated the miR-221 expression level in gastric cancer cells, but the precise mechanism is unclear. Exosomes are membrane-derived vesicles that have been recognised as important mediators of intercellular communication because they carry miRNAs that can be transferred to a recipient cell via fusion of the exosome with the target cell membrane. To evaluate whether exosomes from GC-MSC-CM (GC-MSC-ex) could be delivered to gastric cancer cells and promote cell proliferation and migration, we successfully isolated 40--100-nm particles that were exosomal marker CD63-positive from GC-MSC-CM and GCN-MSC-CM, respectively ([Figure 6A](#fig6){ref-type="fig"}). To investigate the internalisation of exosomes by gastric cancer cells, we labelled the exosomes with CM-Dil. As shown in [Figure 6B](#fig6){ref-type="fig"}, GC-MSC-ex and GCN-MSC-CM-derived exosomes (GCN-MSC-ex) were internalised and accumulated in HGC-27 cells after incubation for 4 h, whereas the exosome control showed a minimal effect. Colony formation and transwell assays showed that GC-MSC-ex promoted HGC-27 cell proliferation and migration more obviously than GCN-MSC-ex ([Figure 6C](#fig6){ref-type="fig"}).

GC-MSC-exosomes alter GG-miRNA expression in gastric cancer cells
-----------------------------------------------------------------

The above results showed that GG-miR-221 was an important communicational signal between GC-MSC and gastric cancer cells and that exosomes could be delivered from GC-MSCs to gastric cancer cells. We wanted to determine whether miR-221 is carried in GC-MSC-ex and affects the corresponding miRNAs expression level in gastric cancer cells. Therefore, we performed qRT--PCR to determine the miR-221 expression levels in GC-MSC-ex, GCN-MSC-ex and exosome-treated HGC-27 cells. The results revealed that miR-221 was signifiantly highly expressed in exosomes secreted by GC-MSCs than those secreted by GCN-MSCs ([Figure 6D](#fig6){ref-type="fig"}), and GC-MSC-ex significantly induced miR-221 expression in HGC-27 cells ([Figure 6E](#fig6){ref-type="fig"}). To further demonstrate that GC-MSCs regulate miR-221 expression in HGC-27 cells via exosomes, we transfected HGC-27 cells with anti-miR-221 and treated them with GC-MSC-derived exosomes. As shown in [Figure 6F](#fig6){ref-type="fig"}, miR-221 suppression in HGC-27 cells by anti-miR-221 could be reversed by GC-MSC-ex, similar to GC-MSC-CM. These data indicate that GC-MSCs alter the GG-miR-221 expression level in gastric cancer cells via delivering exosomal miRNAs to target cells.

Discussion
==========

The tumour--stroma interaction is critical for carcinogenesis and cancer progression (Pietras and Ostman, 2010). In our previous studies, we successfully isolated two distinct gastric cancer-associated MSCs, GC-MSCs and GCN-MSCs, from gastric cancer tissues and their adjacent non-cancerous tissues. The studies from others demonstrate that cancer-associated MSCs are also present in breast cancer, ovarian carcinoma and hepatocellular carcinoma ([@bib24]; [@bib36], [@bib37]), which indicate that cancer-associated MSCs are important members of the tumour microenvironment and may have essential roles in the development and progression of cancer. Accumulating evidence suggests that gastric cancer cells have different miRNA signatures and that their levels are associated with the malignancy of gastric cancer (Wu *et al*, 2010). However, the expression and role of miRNAs in cancer-associated MSCs are obscure thus far.

Although the presence of GC-MSCs and GCN-MSCs in gastric cancer has been demonstrated, the effects of these MSCs on gastric cancer cells are not well understood. We demonstrated that GC-MSCs, as tumour-supporting stromal cells, prompt the growth and migration of gastric cancer cells *in vitro*. An *in vivo* xenograft tumour model also demonstrated that GC-MSCs could induce aggressive tumour growth in nude mice. These results were consistent with those from previous studies showing that tumour-associated stromal cells from breast cancer, ovarian carcinoma and hepatocellular carcinoma could provide a favourable microenvironment for cancer cell growth ([@bib24]; [@bib36], [@bib37]).

In this study, we also identified the miRNA profile of GC-MSCs and their matched cancer tissues using a microRNA microarray. Interestingly, we found overlapping miRNAs in the GC-MSC and cancer-tissue miRNA profiles. Among these miRNAs, three miRNAs (miR-214, miR-221 and miR-222) were validated and named GG-miRNAs. Combined with clinicopathological characteristics, we found that GG-miRNA levels in cancer tissues were higher than those in non-cancerous tissues. Moreover, their levels were significantly correlated with cancer pathological conditions. Upregulation of miR-214 is associated with an unfavourable outcome of gastric cancer (Ueda *et al*, 2010). High expression of miR-221 showed a significant correlation with advanced tumour-node-metastasis stage, local invasion and lymphatic metastasis (Liu *et al*, 2012). Notably, these previous findings were established based on analysis of miRNAs using qRT--PCR in a large number of gastric cancer tissues. However, we detected these miRNAs in a smaller sample size. These data indicate that the aberrant expression of miRNAs that overlap between GC-MSCs and gastric cancer tissues may be useful when searching for a more sensitive biomarker for gastric cancer diagnosis and clinicopathological progression monitoring.

Previously, the expression and role of miRNAs were only studied in cancer cells and tissues and not tumour stromal cells. Zhao *et al* (2012) suggested that breast cancer-derived cancer-associated fibroblasts (CAFs) and normal fibroblasts have distinct miRNA expression patterns. [@bib25]) found that downregulation of miR-15 and miR-16 in CAFs promoted prostate cancer growth and progression. We used an miRNA inhibitor of GG-miR-221 to reduce its expression levels in GC-MSCs, and we found that downregulation of miR-221 could significantly impair the tumour-promoting effects of GC-MSCs. These data indicate that the GG-miRNAs identified in our study are important for GC-MSCs to sustain their tumour-supporting roles, and they may be explored as therapeutic targets for gastric cancer.

It is known that cancer tissue contains two parts: tumour stroma and cancer cells. The tumour stroma consists of the extracellular matrix and various mesenchymal cell types. Therefore, the miRNAs expression profile that was identified in the gastric cancer tissue cannot be attributed to a specific cell type. The levels of GG-miRNA expression in gastric cancer cells are not clear. Fortunately, we found that GG-miRNA levels were upregulated in GC-MSC and gastric cancer cells that were treated with a conditioned medium from GC-MSCs or indirectly co-cultured with GC-MSCs in an *in vitro* study. MiR-221 repression by an miRNA inhibitor in gastric cancer cells could be reversed by GC-MSC-conditioned medium, suggesting that these GG-miRNAs may also be involved in the cross-talk between GC-MSCs and gastric cancer cells through paracrine secretion.

Recently, the importance of exosomes as paracrine mediators has increasingly drawn attention (Nazarenko *et al*, 2013). Moreover, miRNAs were enriched in exosomes that could be transferred between cells ([@bib40]). On the basis of these findings and the above results, we hypothesised that GG-miRNAs might be packaged into GC-MSC-secreted exosomes, delivered into gastric cancer cells and mediate GC-MSC-promoting gastric cancer progression. To confirm this hypothesis, we isolated exosomes from GC-MSC-CM and GCN-MSC-CM and used those exosomes instead of the MSC-CM to observe their effect on gastric cancer cells. Surprisingly, GC-MSC-derived exosomes could be instantly internalised by gastric cancer cells and significantly promoted cell proliferation and migration. MicroRNA analysis demonstrated that higher contents of miR-221 existed in GC-MSC-ex, and that the status of miR-221 suppression could be induced and reversed by an miRNA inhibitor in gastric cancer cells.

An increasing number of studies have demonstrated that miR-221 is frequently overexpressed in the majority of human epithelial tumours, including gastric cancer ([@bib19]; [@bib8]). MiR-221 functions as an oncomiRNA by downregulating several identified tumour suppressor target genes: the cyclin-dependent kinase inhibitors CDKN1B/p27 and CDKN1C/p57, the pro-apoptotic factors BMF and BBC3/PUMA, the PI3K/AKT pathway inhibitor PTEN, the cell adhesion regulator PTP*μ* and the metallopeptidase inhibitor TIMP3 ([@bib5]). Recently, Lupini *et al* performed gene expression profile analysis of an miR-221-tranfected cell line and identified 602 new gene targets that were prominently involved in cell proliferation and apoptosis ([@bib23]). On the basis of this information, the induction of miR-221 expression in gastric cancer cells is important for the effects of GC-MSCs on gastric cancer. The induction of GG-miRNAs in gastric cancer cells by GC-MSCs likely reduces the expression of these potential tumour suppressor genes, which leads to an increase in gastric cancer cell proliferation and migration. These data indicate that exosomal miRNA delivery is a critical mechanism for GC-MSCs that act on gastric cancer cells. Future work is required to explore more novel GG-miRNAs and other molecules for gastric cancer diagnosis and to fully elucidate the role and mechanism that is involved in the interaction between GC-MSCs and gastric cancer cells.

In conclusion, we demonstrate in this study that gastric cancer-associated MSCs exhibit aberrant miRNA expression patterns that are shared by MSC-derived gastric cancers and that GG-miRNAs are critical mediators of the role of GC-MSCs in gastric cancer. Our findings suggest a new mechanism for the MSC--gastric cancer cell interaction and provide new biomarkers for gastric cancer diagnosis and prognosis.
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![**MicroRNAs that are deregulated in GC-MSCs and gastric cancer tissues.** (**A**) Microarray analysis of the aberrant expression of miRNAs in GC-MSCs relative to that in GCN-MSCs and in gastric cancer tissues (T) relative to adjacent non-cancerous gastric tissues (N). Venn diagrams of the miRNAs that were upregulated (↑) and downregulated (↓) in GC-MSCs and gastric cancer tissues are shown. (**B**) The relative levels of the selected miRNAs (miR-125b, miR-199a-5p, miR-214, miR-221 and miR-222) in GC-MSCs and gastric cancer tissues from 10 patients were confirmed using qRT--PCR. The levels of these miRNAs were normalised to that of U6. The data are presented as mean±s.d., \**P*\<0.05.](bjc201414f1){#fig1}

![**Expression of GG-miRNAs in gastric cancer tissues.** (**A**) miR-214, (**B**) miR-221 and (**C**) miR-222 levels (normalised to U6) were determined using qRT--PCR in gastric cancer tissues (T) relative to adjacent non-cancerous tissues (N) from 52 gastric cancer patients. Each column represents the T/N miRNA fold change. The data are presented as the mean. The *P*-value denotes the significance of the observed fold changes.](bjc201414f2){#fig2}

![**GC-MSCs promote gastric cancer cell proliferation, migration and GG-miRNA expression *in vitro*.** (**A**) The soft agar colony formation assay of gastric cancer HGC-27 cells treated with GC-MSCs, GCN-MSCs or BM-MSCs. HGC-27 cells alone were used as a control. Magnification, × 40. Scale bar=200 *μ*m. (**B**) The transwell migration assay of HGC-27 cells treated with GC-MSCs, GCN-MSCs or BM-MSCs. Magnification, × 100. Scale bar=50 *μ*m. \**P*\<0.05 *vs* HGC-27. (**C**) GG-miRNA levels in HGC-27 cells treated with MSC-CM. HGC-27 cells cultured in normal growth medium were used as a control. Data are shown as the fold change of the miRNA levels relative to those in the HGC-27 group, which were set to 1. \*\**P*\<0.01 *vs* HGC-27 group; ^\#^*P*\<0.05; ^\#\#^*P*\<0.01.](bjc201414f3){#fig3}

![**GC-MSCs promote gastric cancer growth and GG-miRNA expression *in vivo*.** (**A**) HGC-27 cells and GC-MSCs, GCN-MSCs or BM-MSCs were subcutaneously co-injected into the flanks of BALB/c nude mice. The upper image shows tumour growth in a representative nude mouse, and the lower image shows tumour tissues that were removed from the same nude mouse. (**B**) Tumour volumes were measured at the indicated time points. (**C**) Tumour weights were measured after the mouse was euthanised. The data were expressed as mean±s.d. (*n*=6 per group). \*\**P*\<0.01 *vs* HGC-27 alone. (**D**) GG-miRNA expression in xenograft tumours. \**P*\<0.05 *vs* HGC-27 alone. (**E**) Serum levels of GG-miRNAs in mice injected with HGC-27 cells alone or mixed with MSCs. The control represents the levels of the miRNAs in the serum of normal mice. Data are shown as the fold change of miRNA levels relative to the control, which was set to 1. \**P*\<0.05 *vs* control; \*\**P*\<0.01 *vs* control; ^\#^*P*\<0.05.](bjc201414f4){#fig4}

![**GG-miR-221 mediates the promoting role of GC-MSCs towards gastric cancer cells.** (**A**) Quantitative RT--PCR analysis of miR-221 levels 48 h after GC-MSCs were transfected with an miR-221 inhibitor (anti-miR-221) or NC oligonucleotides. (**B**) The soft agar colony formation assay of HGC-27 cells. GC-MSCs transfected with anti-miR-221 or NC were seeded at the bottom of the wells. Colonies in the top agar were photographed. Magnification, × 40. Scale bar=200 *μ*m. \**P*\<0.05 *vs* mock. (**C**) The transwell migration assay of HGC-27 cells treated with GC-MSCs. GC-MSCs transfected with anti-miR-221 or NC were seeded in the lower chamber, and HGC-27 cells were seeded in the upper chamber. Magnification, × 100. Scale bar=50 *μ*m. \**P*\<0.05 *vs* mock. (**D**) Quantitative RT--PCR analysis of miR-221 levels 48 h after HGC-27 cells were transfected with anti-miR-221 or NC. (**E**) HGC-27 cells transfected with anti-miR-221 were cultured in different CMs from MSCs for 48 h, and a qRT--PCR assay for miR-221 levels in HGC-27 cells was performed. \**P*\<0.05 *vs* anti-miR-221 group.](bjc201414f5){#fig5}

![**GC-MSC-exosomes promote cells proliferation and migration via delivering exosomal miR-221 to gastric cancer cells.** (**A**) Representative transmission electron micrographs of purified GCN-MSC- and GC-MSC-derived exosomes (GCN-MSC-ex, GC-MSC-ex), which showed a spheroid shape. The scale bar represents 100 nm. Western blotting results indicated the positive expression of the CD63 protein in exosomes. (**B**) Exosomes were internalised by gastric cancer cells. Exosomes labelled with CM-Dil (red) were added into HGC-27 cells and incubated for 4 h. The effluent from a filtered suspension of CM-Dil-labelled exosome and the CM-Dil-labelled withdrawn exosome fractions were used as controls. Cells were fixed and stained for cytoplasm (cy2-actin, green) and nuclei (DAPI, blue). Magnification, × 400. Scale bar=25 *μ*m. (**C**) GC-MSC-exosomes promoted HGC-27 proliferation and migration. Colony formation and transwell migration assay of HGC-27 cells treated with GC-MSC-ex, GCN-MSC-ex or PBS. Colonies and migrated cells on the lower layer were stained and photographed. Magnification, × 100. Scale bar=50 *μ*m. \**P*\<0.05 (GCN-MSC-ex *vs* PBS, GC-MSC-ex *vs* GCN-MSC-ex). (**D**--**F**) GC-MSCs alter the miR-221 level in gastric cancer cells via delivering exosomal miR-221. (**D**) Quantitative RT--PCR analysis of miR-221 levels in GC-MSC-ex and GCN-MSC-ex. \**P*\<0.05 for GC-MSC-ex *vs* GCN-MSC-ex. (**E**) Quantitative RT--PCR of miR-221 levels in HGC-27 cells treated with MSC-derived exosomes. \**P*\<0.05 (GCN-MSC-ex *vs* PBS, GC-MSC-ex *vs* GCN-MSC-ex). (**F**) HGC-27 cells transfected with anti-miR-221 were treated with different exosomes from MSCs for 48 h. The miR-221 levels in HGC-27 cells were determined using qRT--PCR. \**P*\<0.05 (NC *vs* anti-miR-221, GCN-MSC-ex *vs* PBS, GC-MSC-ex *vs* GCN-MSC-ex).](bjc201414f6){#fig6}

###### The dysregulated miRNAs overlapping in GC-MSC and gastric cancer tissues

                    **Fold change**               **Fold change**                
  ----------------- ----------------- ---------- ----------------- ------------- -------------
  ebv-miR-BART7\*   5.92512274        3.434888     hsa-miR-1228    0.447454474   0.169486848
  ebv-miR-BART9\*   3.16829316        2.926985     hsa-miR-1237    0.099958173   0.15362951
  hsa-let-7b\*      10.7275498        4.897288     hsa-miR-124\*   0.486205219   0.328964128
  hsa-miR-125b      171.074862        13.97903     hsa-miR-1247    0.338720281   0.170704403
  hsa-miR-127-3p    48.413193         4.081004     hsa-miR-1249    0.271433226   0.160842976
  hsa-miR-1290      9.16273439        3.262979     hsa-miR-1291    0.20993624    0.351896503
  hsa-miR-1308      15.3220282        3.322310     hsa-miR-133b    0.307780245   0.382595144
  hsa-miR-138-1\*   3.57023503        3.380641     hsa-miR-183\*   0.106162554   0.320880934
  hsa-miR-140-3p    18.2010693        4.065812     hsa-miR-18b\*   0.334036304   0.141184779
  hsa-miR-181a      52.3463463        5.798735      hsa-miR-205    0.283584937   0.387797802
  hsa-miR-195\*     7.91515358        2.052396    hsa-miR-296-5p   0.385850207   0.202224228
  hsa-miR-199a-5p   152.428412        8.502778    hsa-miR-302c\*   0.10914993    0.28354334
  hsa-miR-203       9.15452237        3.917800    hsa-miR-324-3p   0.421655332   0.191952018
  hsa-miR-21\*      165.619783        3.165780      hsa-miR-484    0.480162737   0.420454854
  hsa-miR-214       7.05311859        7.130019    hsa-miR-508-5p   0.396964046   0.290524222
  hsa-miR-221       81.2037893        5.466395    hsa-miR-516a-3p  0.336522216   0.385213215
  hsa-miR-222       113.493453        2.877310     hsa-miR-518b    0.455208342   0.402421473
  hsa-miR-23a       9.42514935        14.12156    hsa-miR-518e\*   0.305406211   0.345724839
  hsa-miR-23b       2.19275711        13.43332    hsa-miR-519e\*   0.456420331   0.420809458
  hsa-miR-24-2\*    20.7215506        2.187237      hsa-miR-557    0.404778204   0.352643889
  hsa-miR-302e      3.17971329        2.015585      hsa-miR-611    0.281290232   0.150331309
  hsa-miR-30a       5.25418283        2.158002    hsa-miR-615-5p   0.216754867   0.159182766
  hsa-miR-32\*      41.8790997        4.842259      hsa-miR-623    0.314603355   0.464909663
  hsa-miR-335       2.43061729        18.54524      hsa-miR-659    0.460354656   0.288467401
  hsa-miR-338-5p    2.28544381        2.892081      hsa-miR-664    0.478842823   0.24658777
  hsa-miR-491-3p    40.8897475        3.090251      hsa-miR-675    0.218125011   0.276206099
  hsa-miR-550       4.91148632        2.072431      hsa-miR-720    0.290653253   0.341231054
  hsa-miR-574-3p    4.39453468        3.777058     hsa-miR-877\*   0.294194473   0.295195107
  hsa-miR-574-5p    11.2838171        5.024267      hsa-miR-936    0.323719523   0.44197424
  hsa-miR-576-3p    3.82795738        2.819507      hsa-miR-940    0.429724991   0.179586907
  hsa-miR-645       2.47820572        3.349002                                    
  hsa-miR-886-3p    138.577867        10.01466                                    
  hsa-miR-886-5p    6.86889819        11.47979                                    

Abbreviations: GC**=**gastric cancer; GC-MSC=gastric cancer tissue-derived mesenchymal stem cell; GCN-MSC=gastric non-cancerous tissue-derived mesenchymal stem cell; miRNA=microRNA.

\* indicates name of miRNA. It is not calculated by statistical analysis.

###### Clinical significances of GG-miRNAs in gastric cancer

                                  **miR-214 expression**   **miR-221 expression**   **miR-222 expression**                                                                    
  ------------------------------- ------------------------ ------------------------ ---------------------------------- ---- ---- ---------------------------------- ---- ---- ----------------------------------
  **Gender**                                                                                                                                                                  
  Male (35)                       17                       19                       0.768                              16   19   0.375                              15   20   0.139
  Female (17)                     9                        7                                                           10   7                                       11   6     
  **Age (years)**                                                                                                                                                             
  ⩾60 (27)                        16                       12                       0.165                              15   12   0.405                              15   12   0.405
  \<60 (25)                       10                       14                                                          11   14                                      11   14    
  **Tumour diameter**                                                                                                                                                         
  ⩾5 cm (27)                      14                       13                       0.555                              14   13   0.555                              13   14   0.982
  \<5 cm (25)                     12                       13                                                          12   13                                      13   12    
  **Type**                                                                                                                                                                    
  Early (4)                       1                        2                        0.610                              2    2    0.997                              1    3    0.610
  Advance (48)                    25                       24                                                          24   24                                      25   23    
  **Depth of invasion (T)**                                                                                                                                                   
  T1, T2 (25)                     7                        16                       0.002[a](#t2-fn2){ref-type="fn"}   10   16   0.096                              8    18   0.006[a](#t2-fn2){ref-type="fn"}
  T3, T4 (27)                     19                       10                                                          16   10                                      18   8     
  **Lymph node metastasis (N)**                                                                                                                                               
  Negative (N0) (16)              6                        12                       0.051                              4    12   0.013[a](#t2-fn2){ref-type="fn"}   4    12   0.042[a](#t2-fn2){ref-type="fn"}
  Positive (N1) (20)              8                        11                                                          9    11                                      10   10    
  Positive (N2) (11)              7                        2                                                           9    2                                       8    3     
  Positive (N3) (5)               5                        1                                                           4    1                                       4    1     
  **Venous invasion**                                                                                                                                                         
  Negative (42)                   18                       23                       0.035[a](#t2-fn2){ref-type="fn"}   19   23   0.159                              20   22   0.482
  Positive (10)                   8                        3                                                           7    3                                       6    4     
  **TNM stages**                                                                                                                                                              
  I (14)                          4                        10                       0.011[a](#t2-fn2){ref-type="fn"}   4    10   0.002[a](#t2-fn2){ref-type="fn"}   2    12   0.001[a](#t2-fn2){ref-type="fn"}
  II (11)                         4                        9                                                           2    9                                       4    7     
  III (20)                        11                       6                                                           14   6                                       16   4     
  IV (7)                          7                        1                                                           6    1                                       4    3     

Abbreviations: N=non-cancerous gastric tissue; T=gastric cancer tissue; TNM=tumour node metastasis.

Indicate *P*\<0.05.

[^1]: These authors contributed equally to this work.
